The claustrum is a subcortical nucleus that exhibits dense connectivity across the neocortex. 2 Considerable recent progress has been made in establishing its genetic and anatomical 3 characteristics, however a core, contentious issue that regularly presents in the literature pertains to 4 the rostral extent of its anatomical boundary. The present study addressed this issue in the rat brain. 5
The claustrum is a subcortical nucleus that exhibits dense connectivity across the neocortex. 2 Considerable recent progress has been made in establishing its genetic and anatomical 3 characteristics, however a core, contentious issue that regularly presents in the literature pertains to 4 the rostral extent of its anatomical boundary. The present study addressed this issue in the rat brain. 5
Using a combination of immunohistochemistry and neuronal tract tracing, we have examined the 6 expression profiles of several genes that have previously been identified as exhibiting a differential 7 expression profile in the claustrum relative to the surrounding cortex. The expression profiles of 8 parvalbumin, crystallin mu (Crym), and guanine nucleotide binding protein (G protein), gamma 2 9 (Gng2) were assessed immunohistochemically alongside, or in combination with cortical 10 anterograde, or retrograde tracer injections. Retrograde neuronal tracer injections into various 11 thalamic nuclei were used to further establish the rostral border of the claustrum. 12
Expression of all three markers delineated a nuclear boundary that extended considerably (~500 µm) 13 beyond the anterior horn of the neostriatum. Cortical retrograde and anterograde neuronal tracer 14 injections, respectively, revealed distributions of cortically-projecting claustral neurons and cortical 15 efferent inputs to the claustrum that overlapped with the gene marker-derived claustrum boundary. 16 Finally, retrograde tracer injections centred in nucleus reuniens, whilst including the rhomboid, 17 mediodorsal and centromedial nuclei, revealed that insular cortico-thalamic projections 18 encapsulated a claustral area, with strongly diminished cell label, that corresponded to the 19 claustrum. 20
Introduction 1
The claustrum is a highly conserved nucleus that is not only present in all placental species (Baizer et  2 al., 2014) but is also found in Aves (Puelles et al. 2016 ). The claustrum also exhibits genetic 3 characteristics (Mathur et (see Buchanan and Johnson, 2011) . Progress in understanding the complexities of the rodent 8 claustrum have, however, been hindered by both its irregular shape as well as its small cross-9 sectional area, factors that have precluded, for instance, effective electrophysiological 10 characterisation. Progress has also been held back by a lack of clarity concerning the extent of its 11 anatomical boundaries, an issue that is seated in the fact that rodents are lisencephalic and, as such, 12 lack a well-defined extreme capsule (a structure that in gyrencephalic species provides a clear 13 boundary between the claustrum and the neighbouring cortex; for a recent review, see Smith et al. 14 2018) . To overcome the problems that the resulting claustro-cortical continuity has presented, a 15 sustained focus has been on identifying genes that show a differential expression profile in the 16 claustrum relative to surrounding cortical areas. To this end, considerable progress has been made 17 (Mathur, 2014; Mathur et al., 2009; Wang et al., 2017; Watakabe, 2017) . Crystallin mu (Crym) 18 expression, for instance, is densely expressed in the insular cortex yet is highly attenuated in the 19 claustrum. Indeed, Crym expression was fundamental to establishing that the claustrum is 20 surrounded on all sides by cortex rather than being juxtaposed with the external capsule (Mathur et  21 al., 2009), as was thought previously. In the same study, the nuclear boundary of the claustrum at 22 the level of the striatum was defined using the expression profiles of parvalbumin, cytochrome 23 oxidase, and the guanine nucleotide binding protein (G protein), gamma 2 (Gng2; Mathur et anterograde and retrograde anatomical tracing, the expression profiles of these genes have been 7 reassessed in the rat brain with a focus on establishing the rostral boundary of the claustrum. 8
Methods 9
Subjects 10 A total of 41 male Lister Hooded rats (Envigo, UK) with pre-procedural weights of between 230-350g 11 were used in the study. In 6 animals, retrograde neuronal tracer injections targeted nucleus reuniens 12 (RE) and/or the rhomboid (Rh) nucleus of the midline thalamus and in one of these cases, a further 13 retrograde tracer injection targeted the mediodorsal (MD), centromedial (CM) and paraventricular 14 thalamic nuclei (some of these cases used in Mathiasen et al., 2019; Table 1 ). In 2 of the animals 15 with RE/Rh injections the injection site also included a portion of the centromedial thalamic nucleus. 16 Further, in 18 animals, retrograde (n = 13) or anterograde (n = 5) tracer injections targeted the 17 retrosplenial (RSC) or anterior cingulate (Cg) cortices ( In a number of these cases (see Table 1 ) sections were further stained for mouse anti-parvalbumin, 41 (1:10000 dilution; Sigma-Aldrich, UK) in a 1% https://imagej.net/Fiji/Downloads). Pixel density heat maps were generated in Fiji; images were 10 converted to 8-bit and median filtered before applying a 16-colour LUT. 11
Nomenclature 12
Based on their recent guidance and clarification on the issue of how to consider the claustrum in 13 relation to the endopiriform nuclei, we follow the classification of Smith and colleagues (2018) 
Results

22
Anatomical boundary -Parvalbumin (PV) (IHC) 23
Coronal plane -Neuropillar parvalbumin expression in the agranular insular cortex is characterized 24 by attenuated expression with the exception of a densely-labeled fiber plexus in layer 5 ( Fig. 1A-D) . 25 Contrasting dense expression of parvalbumin was present in the neuropil of the vCLA, distinctly 26 revealing its core (Smith et al., 2018) . Parvalbumin-immunoreactive neuron density was found to be 27 sporadic but uniformly distributed across the insular cortex and vCLA with no discernible inter-28 laminar difference ( Fig. 1C-D The insular cortex is bordered caudally by the peri-and ectorhinal cortices, while the rostral 1 boundary of the insular cortex interfaces with the orbital cortices (Fig. 1A, C) . Both orbital and rhinal 2 cortices regions exhibit a uniformly higher density of parvalbumin neuropillar immunoreactivity 3 across layers 4-6, albeit again with increased expression in layer 5. The transition of insular to 4 peri/ectorhinal cortex matches closely with the caudal apex of the vCLA (Fig. 2) , i.e. a continuous 5 extension of claustral PV expression into the rhinal cortices was not present. 6
At the anterior horn of the neostriatum, parvalbumin expression in vCLA remained dense with no 7 apparent reduction in cross-sectional area. At this coronal level (approximately represented by the 8 +2.52 (from Bregma) plate in Paxinos and Watson, 2005) , the ovoid cross-section of the claustrum is 9 more horizontally oriented ( Fig. 3B-C) , being elongated within the arch of the external capsule. 10
Immediately rostral to the anterior horn of the neostriatum, the putative vCLA was still present, 11 maintaining its position beneath the forceps minor of the corpus callosum (within layer 6 of the 12 insular cortex). Further rostrally, the lateral orbital cortex emerges to laterally displace both the 13 insular cortex and the vCLA to a position progressively more ventrolateral with respect to the 14 forceps minor (Fig 1A, C) . 15
In our analyses of parvalbumin across multiple coronal cases, the vCLA was consistently found to 16 extend approximately 500 µm anterior to the anterior horn of the striatum. It is worthy of note that 17 parvalbumin expression in the lateral orbital cortex was uniformly dense across its layers, such that 18 the medial extent of the vCLA and the lateral orbital cortex appeared continuous; it was therefore 19 difficult to determine this border between regions (Fig. 1A, C) . 20 such that visualisation of large portions of its continuity in the same plane of section is possible (e.g. 6 2 mm in Fig. 3A) . Retrograde tracer injections (Fluoro-gold) into the retrosplenial cortex combined 7 with parvalbumin immunofluorescence in horizontal brain sections to further assess the rostral 8 extent of vCLA. At striatal levels both parvalbumin expression and distributions of retrograde cell 9 soma label clearly demarcated the claustral area. Beyond the anterior horn of the neostriatum, the 10 vCLA arches upwards beneath the forceps minor. As a result, retrograde label and parvalbumin 11 expression were observed in comparatively dorsal horizontal sections (Fig. 3B-C) . At these dorsal 12 levels, unlike in coronal sections in which contrast is present between dense claustral parvalbumin 13 expression and weak expression in the immediately adjacent layer 6 of the insular cortex, the 14 claustrum in horizontal sections is bordered by comparably dense cortical parvalbumin expression. 15
At both striatal levels ( Fig. 3D-D ii ), and rostral to the striatum ( 11
Anatomical boundary -Crystallin mu (Crym) (IHC) 12
In findings that are consistent with reports in the mouse and rat (Mathur et al., 13 2009), expression of Crym was dense in the insular cortex at striatal levels of the telencephalon but 14 markedly reduced in the vCLA (Fig. 4C, G; Fig. 5 ). In the putative dCLA, Crym-immunoreactive 1 neuropil was reduced but to a lesser degree, while DEn was not discernible as the intensity of Crym 2 immunoreactivity was similar to that in the neighbouring piriform cortex (Fig. 5A-C) . Within the 3 insular region, particularly high densities of Crym-immunoreactive cell bodies and neuropil were 4 distributed around the circumference of the vCLA/dCLA complex. Within the core of the vCLA and 5 dCLA, the distribution density of Crym-immunoreactive cell bodies was considerably reduced with 6 just a few scattered ectopic Crym-positive soma ( Fig. 4E-H; Fig. 5 ), although rostral to the striatum, 7 the density of these 'ectopic' cortical soma was higher (Fig. 4A-D an anatomical boundary that closely matched that derived from our parvalbumin expression profile 21 ( Fig. 5C-E; supplementary Fig. S1 ), forming an increasingly elongated ovoid cross-section in the 22 coronal plane towards the anterior horn of the neostriatum. Beyond the striatum, the Crym-based 23 vCLA boundary formed a horizontally oriented ovoid beneath the forceps minor of the corpus 24 callosum while further rostrally it was found to apex ventrolaterally beneath the forceps minor 25 (while remaining confined to the boundary of the insular cortex; Fig. 5D-E) . Unlike the parvalbumin 26 expression profile, however, the Crym profile enabled a clear delineation of the boundary between 27 the vCLA (weak Crym expression) and the lateral orbital cortex (dense Crym expression), with the 28 finding that vCLA did not extend into the lateral orbital cortex but remained confined to the 29 boundaries of the insular region ( Fig. 5A-B) . Crym expression was also found to be reduced in dCLA 30
( Fig. 5) , which meant that the precise vCLA-dCLA transitional boundary was not clear; an issue that 31 was also contributed to by the presence of Crym-immunoreactive fibers ascending to the internal 32 capsule ( Neuropillar Gng2 immunoreactivity was found to be densely distributed throughout the insular 1 cortex (Fig. 6A-D) . The densest Gng2-immunoreactivity was present in the superficial-most layers 2 and was reduced in layers 5 and 6 which contrasted with the dense vCLA immunoreactivity (Fig. 6A-3  D) . Dense expression was observed in layer 2 of the piriform cortex but weak expression in layer 3 4 again provided contrast with denser Gng2 immunoreactivity in DEn (Fig. 6A-D) . 5
Gng2 immunoreactivity delineated a vCLA boundary that was consistent with both parvalbumin and 6
Crym, albeit with a less-well pronounced margin (Fig. 6E-F) . Indeed, manual registration of serial 7 sections that had been immunohistochemically (DAB) reacted for either Crym or Gng2, revealed 8 expression profiles of vCLA and dCLA Gng2 enrichment that closely matched (at all claustral levels) 9 the region of Crym attenuation in the corresponding section (see supplementary Fig. S2 ). At striatal 10 levels, Gng2 enrichment in DEn was continuous ventrally with vCLA although with denser expression 11 in vCLA (Fig. 6B, D) , so that the boundary between the two nuclei at the piriform/insular boundary 12 was distinct. Rostral to the anterior horn of the striatum, DEn was no longer continuous with vCLA, 13 and the two regions became progressively separated by the emergence of the lateral orbital 14 cortices, i.e. the extent of vCLA and DEn remained confined to insular and piriform cortices, 15 respectively (Fig. 6A, C 
Anatomical boundary -Neuronal tracer injections 1
Pressure injections of either retrograde (FB, CtB or FG) or anterograde (viral) neuronal tracers were 2 made targeting either the retrosplenial or anterior cingulate cortices, revealing a consistently dense 3 pattern of label along the rostro-caudal extent of vCLA (see Table 1 14 Cases in which multiple FB, FG or CtB injections were made unilaterally along the extent of the 15 retrosplenial cortex or anterior cingulate cortex (more confined injections) resulted in dense 16 retrograde label in the ipsilateral claustrum. Although weak, retrograde label was present in the 17 claustrum of the contralateral hemisphere at both striatal levels, as well as rostral to the striatum 18 (see supplementary Fig. S3 ). The distribution of retrogradely labeled cell bodies was confined to the 19 ventral claustrum, i.e., it did not extend into the dorsal claustrum, or ventrally to the DEn. 20 Significantly, the distribution of retrograde label in vCLA extended beyond the anterior horn of the 21 neostriatum, delineating a boundary consistent with that determined from IHC analyses (Fig. 7A-A ii ). 22 In cases involving retrograde injections targeting the anterior cingulate cortex, dense cell labelling 23 was present in the claustrum between 0.4-0.6 mm rostral to the anterior tip of the striatum. The cell 1 labelling that resulted from injections in the retrosplenial cortex extended to comparable rostral 2 levels, although with varying cell density. 3
Injections of anterogradely transported pAAV-CaMKIIa-hM4D(Gi)-Mcherry (serotype 5) confined to 4 the anterior cingulate cortex (bilaterally in three cases; see Table 1 ), resulted in dense fibre/terminal 5 labeling along the rostro-caudal extent of the claustrum (Fig. 8) , revealing a rostral extension of the 6 claustrum beyond the anterior horn of the neostriatum that closely matched the distribution of 7 retrograde label observed in CtB and FB cases. In these cases, however, the dense "plexus" of fibre 8 label in the claustrum (deep to the insular cortex) was continuous with more widespread, diffuse 9 fibre labelling in the orbitofrontal cortex which, rostral to the level of claustrum, centred in a fibre 10 plexus in the deepest lamina of the lateral orbital cortex together (including more superficial 11 labelling; Fig. 8A1-A3 and B1-B3 parvalbumin-based definition of the rostral claustral area, as described above. Interestingly, the fibre 24 label in the deep layer 6 of the lateral orbital cortex, which resulted from anterograde tracer 25 injections in the anterior cingulate (see above), was shown to a large extent to overlap with a 26 portion devoid of parvalbumin neuropillar label (Fig. 8A1-3) . 
9
Anatomical boundary -thalamocortical connectivity 10
Retrograde tracer injections (FB or CtB; see Table 1 ), centred in the nucleus reuniens/rhomboid 11 nuclei of the midline thalamus, resulted in dense retrograde label in the insular cortex. A comparable 12 pattern of labelling was seen following an injection centred in the mediodorsal, paraventricular and 13 centromedial thalamic nuclei ( Fig. 9; see also supplementary Fig. S5 ). 14 At striatal levels, a band of retrogradely labelled cell bodies was present in the insular cortex 15 surrounding the claustrum, both superficial, i.e. juxtaposed to the external capsule) and deep to the 16 claustrum. Within the claustrum core, very few retrogradely labelled cell bodies were present, 1 particularly at more septal/striatal levels. Anterior to the striatum, the distribution of cortical label 2 outlined a region of attenuated label that closely matched that which was defined by the differential 3 expression of cortical tracers, Gng2, parvalbumin and Crym (Fig. 9) . In two of these cases, stained 4 sections for parvalbumin confirmed that the region of attenuated label was indeed claustrum. In 5 these same two cases overlays with cresyl stained section confirmed that the border between the 6 lateral orbital and the insular cortices co-localise with the parvalbumin based definition of 7 claustrum. A consensus on the anatomical boundary of the claustrum-endopiriform complex is important for 4 establishing its functional role and, on a more immediate and practical level, for both the 5 interpretation of, e.g. anatomical studies, as well as in the verification of electrode placements in 6 electrophysiological studies. 7
Our primary finding is that the expression profiles of three claustral marker genes, Gng2 (Fig. 6),  8 parvalbumin (Fig. 1) and Crym (Fig. 5) , as well as cortical (Figs. 7-8 ) and thalamic (Fig. 9) tracing data, 9
demonstrate that the anatomical boundary of the rat claustrum extends approximately 500 µm 10 rostral to the anterior horn of the neostriatum, remaining confined throughout its rostro-caudal 11 span to layer 6 of the insular cortex (Fig. 10) . Our findings relating to the caudal extent of the 12 claustrum in the rat are in close accordance with atlas-based delineations (e.g. Paxinos and Watson ,  13 2005), where vCLA and dCLA terminate at the level of the transition of insular to rhinal cortices (Fig.  14 2). Caudal to this coronal level, the claustral differential expression profiles of Crym, Gng2, and 15 parvalbumin within the deep insular cortex were no longer apparent. immunofluorescence, that parvalbumin expression in the claustrum revealed an anatomical 26 boundary of the claustrum that closely matched that shown by Crym (Fig. 10) . Using manual 27 registration of serial sections, we have shown that Crym and Gng2 outline a similarly consistent 28 nuclear boundary, providing further validation of these markers (Supplementary Fig. S2 ). Retrograde 29 cortical and thalamic tracing experiments, as well as anterograde cortical tracing cases provided data 30 that was highly complementary to our IHC findings. The rostral claustrum has been suggested to be 31 positioned deep to the ventral and lateral orbital cortices (Paxinos and Watson, 2005 conclusions prompted a reassessment of the atlas-based anatomical boundary of the claustrum to 6 one which: 1. Did not extend rostral to the anterior horn of the neostriatum, and 2. Was not 7 juxtaposed to the external capsule but was instead surrounded by a cortical shell. 8
In their study, Mathur and colleagues also examined the expression of parvalbumin, Gng2, and Crym 9 in the rat, using the same primary antibodies and similar dilutions. However, as most data were 10 shown as immunofluorescence label, and not immunohistochemistry, it is possible that our 11 immunohistochemical approach was more sensitive to identifying the slightly weaker frontal signal 12 (in the Gng2 stain). Additionally, in their analysis of Gng2 and parvalbumin expression, 13 photomicrographs depict an absence of label in the region ventral to the forceps minor of the corpus 14 callosum, but one that is at an extreme rostral level in which this region is orbital, not insular 15 (Mathur et al., 2009 ). The level depicted represents the rostral-most extent of the insular cortex at 16 which level it is situated more laterally, i.e. outside of the presented field of view. In the same study, 17 neuronal tract tracing was used in combination with parvalbumin immunofluorescent localisation 18 and, in this instance, images were centered over parvalbumin immunofluorescence in the orbital 19 cortices, in which no retrograde label was observed. It would, therefore, seem to be the case that 20 Mathur and colleagues (2009) were correct in their disagreement with the atlas of Paxinos and 21
Watson (2005), in that the claustrum is not situated within the orbital cortex at rostral levels, but 22 mistaken in their conclusion that the claustrum was, therefore, only present at striatal levels. The 23 consequence of these contradictory findings has been the development of a trend in many recent 24 studies to include a methodological note stating that analyses of claustral labelling did not extend 25 beyond the most rostral coronal section that contained striatum due to the reported absence of Gng2 26 expression in these regions contributing to an incomplete understanding of the claustrum. 27
As mentioned, the differential expression of Gng2 and Crym in the frontal extension of the claustrum 28 becomes less accentuated. It would seem to be the case that towards the rostral apex of the 29 claustrum, the density of ectopic cortical neurons within the core of the claustrum increases, 30 constituting something of a claustro-cortical transition ( Fig. 4 and supplementary Fig. 1 ), but it is also 31 worthy of note that at these rostral levels, ascending axon bundles from neurons within the 32 insular/orbital cortices enter the forceps minor of the corpus callosum in a path that bisects the 33 claustrum (Coizet et al., 2017) . These bundles would appear to reduce both the uniformity of Crym 34 attenuation and the clarity of the gene marker-defined boundary. 
Conclusions 23
Using neuroanatomical tracing and the expression profiles of two genes that are widely accepted to 24 be differentially expressed in the striatal claustrum, we report here that, contrary to previous 25 reports, the rostral extent of the claustrum in the rat extends anterior to the rostral apex of the 26 striatum. Our combined tracing and gene-marker based data represent a unified view of the position 27 of the rostral claustrum. 
